Background: Changes in pharmacological agents and advancements in laboratory assays have changed the gonadotropin-releasing hormone analog stimulation test. Objective: To determine the best predictive model for detecting puberty in girls. Subjects: Thirty-five girls, aged 2 years 7 months to 9 years 3 months, with central precocious puberty (CPP) (n = 20) or premature thelarche/premature adrenarche (n = 15). Methods: Diagnoses were based on clinical information, baseline hormones, bone age, and pelvic sonogram. Gonadotropins and E2 were analyzed using immunochemiluminometric assay. Logistic regression for CPP was performed. Results: The best predictor of CPP is the E2-change model based on 3-to 24-h values, providing 80% sensitivity and 87% specificity. Three-hour luteinizing hormone (LH) provided 75% sensitivity and 87% specificity. Basal LH lowered sensitivity to 65% and specificity to 53%.
Introduction
Traditionally, gonadotropin-releasing hormone (GnRH) stimulation test is considered the gold standard for the evaluation of puberty. Determination of central precocious puberty (CPP) is mostly clinical; however, the diagnosis can be verified with basal and stimulated serum gonadotropin values demonstrating elevated levels of luteinizing hormone (LH), follicle-stimulating hormone (FSH) and estradiol (E2) in girls.
Much has changed in recent years. First, laboratory assay improvements affected the cutoff values for LH, FSH, and E2 indicative of puberty. The sensitivity of the assays improved from the first-generation radioimmunoassays (RIAs), to the second-generation immunoradiometric assays (IRMAs), and to the most sensitive third-generation immunoflurometric assays (IFMAs) or immunochemiluminometric assays (ICMAs) (1) . Second, the medication used in stimulation testing has changed. Factrel (Wyeth Ayerst Pharmaceuticals Collegeville, PA, USA), the medication previously used for GnRH stimulation tests, is no longer available in the United States. Most stimulation tests are now obtained with leuprolide acetate, an aqueous form of the GnRH analog (GnRHa), which is a synthetic nonapeptide with much greater potency. Due to the pharmacodynamic differences between these two medications, the timing and peak values of FSH and LH levels are different. After Factrel administration, LH levels peak after 20-40 min followed by a decline in values compared with leuprolide acetate, which can similarly stimulate LH to peak as early as 30 min to 4 h followed by sustained LH elevation (2) (3) (4) (5) . With these changes, the threshold values of GnRHa stimulation testing should be reevaluated.
The purpose of this study was to search for the best model predictive of puberty and to determine the accuracy of threshold values of LH, FSH, and E2.
Subjects and methods
This is a retrospective study approved by the institutional review board at Montefiore Medical Center. Inclusion criteria are girls who had been evaluated in Montefiore's pediatric endocrinology clinic during the period from 2006 to 2010 for precocious puberty defined by breast and/or pubic hair development before 7 years for White girls and before 6 years for Black girls (6) . The definition is based on a 1999 recommendation by the Drug and Therapeutics and Executive Committees of the Lawson Wilkins Pediatric Endocrine Society (6) . All the subjects had GnRHa testing done between 8:00 am and 10:00 am, using leuprolide acetate subcutaneous (20 μg/kg). Serum LH, FSH, and E2 levels at baseline, 3 h, and 24 h were measured based on a previously devised protocol (2) . Patients who had been diagnosed with peripheral precocious puberty or who had been treated with any medications for pubertal problems were excluded from this study.
Serum LH, FSH, and E2 were measured by Montefiore's medical laboratory using the IMMULITE 2000 System by Siemens Medical Solutions Diagnostics. All the samples were measured in duplicate. LH and FSH were determined with a solid-phase, two-site chemiluminescent immunometric assay. The analytical sensitivity for LH and FSH was 0.05 and 0.1 IU/L (or mIU/mL), respectively. E2 was determined with a solid-phase, competitive chemiluminescent enzyme immunoassay with a sensitivity of 55 pmol/L (15 pg/mL).
With the use of the aforementioned inclusion and exclusion criteria, a total of 35 females, ages 2 years 7 months to 9 years 3 months, of mainly African-American or Hispanic race, were included in the study. Data, taken at the initial visit at the approximate time of the GnRHa stimulation test and at follow-up visits 6-12 months later, were retrospectively collected for this study. These data fields included the following: Tanner stage of breasts and pubic hair, height, weight, body mass index (BMI), growth velocity, skeletal age, pelvic sonogram, brain magnetic resonance imaging (MRI), and serum levels of LH, FSH, and E2 at baseline, 3 h, and 24 h post leuprolide stimulation.
Based on the aforementioned clinical data except the stimulated levels of LH, FSH, and E2, clinical diagnoses were retrospectively determined by the consensus of the majority of three pediatric endocrinologists independently. From these clinical diagnoses, these 35 patients were divided into two groups: group 1 for subjects with CPP and group 2 for subjects without CPP, with premature thelarche (PT) or premature adrenarche (PA).
Data analysis
Means comparisons were performed using Student's t-tests with significance set at α = 0.05. Logistic regression modeling using the diagnosis of CPP as the dependent variable and LH, FSH, and E2 at various time points as independent variables was carried out to select the best predictive model for CPP. Data analysis was performed using SAS 9.1 statistical software (SAS Institute, Inc, Cary, NC, USA).
Results
Baseline clinical characteristics are summarized in Table 1 . When compared to PT/PA girls, girls with CPP were older, with mean age of 7 years 8 months vs. 5 years 11 months (p = 0.002); more skeletally advanced from chronological age by 29.9 months vs. 17.4 months; and had larger ovarian volumes on the right (2 vs. 0.8 cm 3 , p = 0.02) and the left (2.4 vs. 0.9 cm 3 , p = 0.03). Uterine volumes and endometrial stripe size were not consistently reported for all girls and were excluded from statistical analysis. Clinical advancement in Tanner breast staging occurred in nine of 20 girls in the CPP group vs. only four of 15 in the PT/PA group. Five girls in the CPP group had microadenomas incidentally noted on brain MRI, while none of the girls in the PT/PA group had any evidence of brain abnormality. Other parameters such as BMI z-score (p = 0.12), growth velocity (p = 0.74), height percentile (p = 0.69), and target height percentile (p = 0.37) were not statistically different between the two groups.
Data from the GnRHa stimulation testing for these two groups are summarized in Table 2 and Figures 1-3 .
With the use of logistic regression modeling, the best univariate model uses as its predictor the percentage change in estradiol level at the 24th hour relative to the level at the 3rd hour:
This model has a sensitivity of 80% and a specificity of 87%, with a threshold of 27.8% change.
A second model using only one value, the 3-h LH value, can be specified as
where a = -3.4699, b = 0.6852, and x = LH3H.
Compared to the previous model, this model has a lower sensitivity of 75% and the same specificity of 87% using a threshold of 5.061 IU/L at 3 h.
Alternatively, using the basal LH in a single predictor model lowers the sensitivity to 65% and the specificity to 53% using a threshold of 0.132 IU/L at baseline, with the following parameters: a = -1.0266, b = 7.771, and x = LH0H.
Discussion
Consistent with previously observed clinical evidence, our data on both basal and stimulated FSH levels showed a substantial overlap between the two groups, indicating that FSH is poor at predicting CPP (7).
Serum LH level has been suggested as the most valuable biochemical marker for predicting CPP. The basal cutoff level ranged from 0.1 to 0.6 IU/L, depending on the assay used. In the Neely et al. (8) study, using the most sensitive assay, ICMA, a level above 0.1 IU/L predicts true puberty, with 94% sensitivity and 88% specificity (9) . But some studies suggest a sexual difference when using basal LH level to predict puberty. In another study by Resende et al. (7), a basal serum LH level < 0.2 IU/L by ICMA had a 100% sensitivity and specificity in distinguishing prepubertal from pubertal males. But the test only placed 50% of the girls with Tanner stage II breasts in the prepubertal range (7) . Our data showed similar overlapping results for girls.
Most studies confirmed that peak LH level after stimulation with either GnRH or GnRHa has a better predictive power for detecting puberty over basal values (2, 7, (10) (11) (12) (13) . The old GnRH test with Factrel by IFMA set LH levels above 9.6 IU/L in boys and 6.9 IU/L in girls as positive pubertal responses (14) . Previous studies have suggested that the leuprolide test is more potent. Based on different laboratory assays, the threshold value of LH varies between 5.0 Only stimulated ovarian estradiol response to leuprolide was studied, possibly due to its potency and longer half-life than Factrel. Garibaldi et al. found that a GnRHa-stimulated serum estradiol level at 24 h may be the most useful indicator of early CPP (11) . With RIA, a mean E2 level of 136 ± 11 pmol/L (range 92-176 pmol/L) indicates early puberty. Generally, the basal E2 level used by most commercial laboratories is not a sensitive test, although some studies suggest that estradiol levels by tandem mass spectrometry allow for the detection of early puberty (7) . Estradiol levels lower than 1 pg/mL (3.7 pmol/L) usually indicate the prepubertal stage (15, 16) . However, this assay is not routinely used and is limited by cost and availability. The less expensive assay (ICMA) that was used in this study has a limited sensitivity of 15 pg/mL (55 pmol/L). Measurable estradiol in our assay only confirms relatively advanced puberty.
In our study, the best model for detecting CPP that we identified uses the percentage change in estradiol level at the 24th hour relative to the 3rd hour. This model provides 80% sensitivity and 87% specificity using 27.8% change as the threshold. Although this is the best performing model, it uses two test results, each from a separate day per patient; thus it is time consuming and impractical clinically. Alternatively, a model using a single value of LH at the 3rd hour is more practical and provides 75% sensitivity and 87% specificity with its threshold set at 5.1 IU/L. Lastly, the least sensitive model based on a single basal LH level was 65% sensitive and 53% specific using a threshold of 0.132 IU/L.
Our study has some limitations. One of them is that the diagnosis of CPP was made retrospectively by a majority of three pediatric endocrinologists' independent evaluations. The diagnosis of CPP was based mainly on the clinical signs of pubertal progression. There were three girls in the CPP group who had Tanner stage I at their initial visits, but all had clinically apparent rapid advancement of puberty within 6-12 months, with breast advancing to Tanner stage III, and even one who had menarche. In contrast, a few subjects who had advanced initial Tanner stage for breast were placed in the non-CPP group because their pubertal development showed no significant advancement during follow-up. Benign conditions such as premature thelarche with early presence of breast tissue or premature adrenarche with activation of the adrenal axis do not indicate any central activation of the hypothalamic-pituitary gonadal axis.
Additional limitations include overestimation of the accuracy measurements due to our small sample size of only 35 subjects. Furthermore, the E2 assay used was not the most sensitive assay available especially in the early pubertal ranges where there is a significant overlap with prepubertal values. Even so, E2 was still able to provide the best predictive model for the prediction of puberty using the percent change between the 3rd and the 24th hour in our study.
Conclusion
Basal gonadotropin levels are poor at predicting CPP. The percentage change in estradiol level at the 24th hour relative to the level at the 3rd hour in the GnRHa stimulation test is the most sensitive predictor. However, a 3rd-hour LH level provides the best clinical model for its practicality and convenience when evaluating puberty in girls.
